Introduction {#Sec1}
============

With the development of marine exploration in the world, autonomous underwater vehicle (AUV) has been widely used in the ocean. However, its application has certain limitations. It usually can only perform tasks such as underwater search and monitoring, rather than operation. The underwater vehicle-manipulator system (UVMS) is then attracting more attentions than AUVs because it carries one or even several manipulators to work more flexible. Therefore, more and more countries have carried out systematic studies on UVMS in recent years.

In order to complete various complex tasks, high-precision trajectory tracking controller is then demanded. However, UVMS is strongly coupled and with high nonlinearity \[[@CR1]\]. When the manipulator is working, it will disturb the vehicle and even cause interference to the entire system \[[@CR2]\]. Therefore, it is urgent to design a reasonable control system for underwater vehicle's trajectory tracking.

In recent years, various controllers have been proposed for UVMS control, including PID control \[[@CR3], [@CR4]\], fuzzy control \[[@CR5], [@CR6]\], adaptive control \[[@CR7], [@CR8]\], robust control \[[@CR9], [@CR10]\], sliding mode control \[[@CR11], [@CR12]\] and neural network based control \[[@CR13]\]. The response PID control system is slow, and the control precision is limited. Fuzzy control belongs to a kind of experience control. Its control accuracy depends on the perfection of the summarized experience. Although it can have strong interference ability, it is rarely applied to the actual control system alone, and most of them are combined with other control methods. In addition, adaptive control is not very stable. The robust controller synthesis process is time-consuming and cannot be completed online, usually. The initial weight of the neural network based methods have high randomness and a long learning process, so they are difficult to be applied in practice. In comparison, sliding mode control has the advantages of simple implementation, fast response, small perturbation of model parameters and strong robustness, so it is very suitable for the trajectory tracking control of underwater robots. However, its discontinuous switching characteristics will cause chattering in the system. Therefore, it is necessary to tackle of the chattering problem of sliding mode control through certain methods.

In this study, a new control scheme based on an exponential approach law is proposed. The approach law can reduce arrival time and eliminate chattering. Based on this, a sliding mode control scheme for UVMS trajectory tracking control is designed.

The remainder of this paper is organized as follows. Section [2](#Sec2){ref-type="sec"} presents the dynamic model of the concerned UVMS. In Sect. [3](#Sec5){ref-type="sec"}, presents the design of sliding mode controller based on the exponential approach law (SMC-EAL). In Sect. [4](#Sec8){ref-type="sec"}, the effectiveness of the proposed the SMC-EAL is evaluated through adequate simulations. While Sect. [5](#Sec11){ref-type="sec"} concludes the paper.

Dynamic Modelling of UVMS {#Sec2}
=========================

Lagrangian Dynamics Modelling of UVMS {#Sec3}
-------------------------------------

The coordinate system of our study object which is equipped with a 2-DOFs manipulator is shown in Fig. [1](#Fig1){ref-type="fig"}. And the 3D model of UVMS is shown in Fig. [2](#Fig2){ref-type="fig"}. Here $\documentclass[12pt]{minimal}
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                \begin{document}$$\sum {V}$$\end{document}$ represent the earth-fixed frame and the vehicle frame, respectively. The position and orientation of UVMS are considered in the inertial frame, i.e.,the earth-fixed frame. The linear velocities and angular velocities of UVMS, as well as the external forces applied to UVMS are considered in the vehicle frame.Fig. 1.Coordinate system of UVMS Fig. 2.Three dimensional model of UVMS

The UVMS system consists of two parts: the underwater vehicle and the manipulator, and its generalized coordinates and generalized control force are defined as follows,$$\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{\varvec{\tau }}\in {\mathbb {R}}^n$$\end{document}$ is the generalized control force term of the system, including the generalized thrust forces of the underwater vehicle and the joint driving forces of the manipulator.

The dynamic equation of UVMS is established according to the second type of Lagrange equation as follow,$$\documentclass[12pt]{minimal}
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                \begin{document}$$L=T-V$$\end{document}$, *T* is system kinetic energy and *V* is system potential energy, *Q* is the generalized force corresponding to the conservative active force, which mainly includes the generalized control force, the restoring torque and the water resistance of the system. Through derivation, the whole dynamic equation of the system is defined as follow,$$\documentclass[12pt]{minimal}
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                \begin{document}$$\mathbf{G} (\varvec{\xi })\in {{\mathbb {R}}^{6+n}}$$\end{document}$ is the restoring force term generated by the combined torque of gravity and buoyancy of UVMS.

Determination of Hydrodynamic Coefficient {#Sec4}
-----------------------------------------

It is difficult to calculate the hydrodynamic coefficient fully in underwater hydrodynamics, so it is necessary to determine which coefficients are important. Inertial hydrodynamics are only related to the acceleration of each moving part of the UVMS. It is linearly related to acceleration, and in the opposite direction of acceleration. Similar to the conventional mass concept, the inertial hydrodynamic force and acceleration are defined as the additional mass and moment of inertia, which are only related to the structure of UVMS, and have the form of$$\documentclass[12pt]{minimal}
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Viscous hydrodynamic force is mainly the water resistance applied to UVMS. It is mainly affected by the velocity and the square term of the moving system, so the higher order term of the velocity is usually ignored. In the system dynamics model, the viscous flow resistance is defined as follow,$$\documentclass[12pt]{minimal}
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                \begin{document}$$X_u, Y_v, Z_w, K_P, M_q, N_r$$\end{document}$ represent the hydrodynamic coefficient terms in different directions, respectively. By introducing the force and torque of UVMS measured in the ship model test into the fitting formula of hydrodynamic coefficient, the hydrodynamic coefficients are obtained as shown in the Table [2](#Tab2){ref-type="table"}.Table 2.The hydrodynamic coefficients obtained by the ship model testHydrodynamic item$\documentclass[12pt]{minimal}
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Design of Sliding Mode Controller {#Sec5}
=================================

Sliding Mode Variable Structure Control {#Sec6}
---------------------------------------

The basic principle of sliding mode variable structure control is that the controller limits the current state or state error of the system to the sliding mode surface and makes it stable on the sliding mode surface. Since the sliding mode motion characteristics are designed in advance according to the requirements, and the trajectory given at the same time has nothing to do with the control object parameters and external disturbance changes. Therefore, sliding mode control is insensitive to parameter changes and disturbances, and the system is extremely robust. However, in the actual control system, due to the mass inertia and time delay and other factors, the sliding mode variable structure control will have chattering in the sliding mode.

The process of implementing sliding mode variable structure control mainly includes determining the sliding mode arrival condition of the system, selecting the sliding mode surface and obtaining the system controller law, then establishing the controller.

Design of UVMS Sliding Mode Controller {#Sec7}
--------------------------------------

The designed exponential approach law is applied to the sliding mode controller of UVMS, and compensation is carried out in the controller to improve the control accuracy, reduce the gain of sliding mode control, and thus reduce the chattering of the system. The proposed sliding mode control system is shown in Fig. [3](#Fig3){ref-type="fig"}.Fig. 3.The implementation structure of the sliding mode controller
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Simulation Studies {#Sec8}
==================

In order to verify the effectiveness of the designed sliding mode control strategy, the expected trajectory is set under the simulation condition, and the actual trajectory is compared with the expected trajectory.

Simulation Object {#Sec9}
-----------------

To illustrate the effectiveness of the proposed SMC, comparative simulations in presence of environmental disturbances have been performed on a UVMS, which consists of a 6-DOFs vehicle and a 2-DOFs rotary joint manipulator. The specific parameters of the system are listed in Table [3](#Tab3){ref-type="table"} and Table [4](#Tab4){ref-type="table"}.Table 3.Main parameters of UVMSItemsVehicleLink 1Link 2*m*/kg85.22.6033.159$\documentclass[12pt]{minimal}
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The design trajectory is a three-dimensional spiral with a turning period of 50 s. The UVMS adjusts its attitude during the dive, and the manipulator is deployed during the dive. The initial pose vector of UVMS is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varvec{\xi _0}=\left[ 2\;2\;0\;10^{\circ }\;20^{\circ }\;0\;0\;0\right] ^T$$\end{document}$.Fig. 4.3D trajectory tracking result of UVMS Fig. 5.Position control inputs of UVMS in separate dimension

Analysis of Simulation Results {#Sec10}
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In the simulation, SMC's gain is set as $\documentclass[12pt]{minimal}
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                \begin{document}$$k=20$$\end{document}$, and trajectory tracking result shown in Fig. [4](#Fig4){ref-type="fig"}. The desired trajectory is well stacked under SMC-ELA. And Figs. [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"} and [7](#Fig7){ref-type="fig"} represent the position and attitude of UVMS, and the control inputs of each joint of the manipulator in each single degree of freedom, respectively. It can be seen from Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"} and [7](#Fig7){ref-type="fig"} that the sliding mode controller with exponential approach law is feasible for the control of UVMS with a relatively acceptable accuracy. The control switching gain in the sliding mode control simulation process is small, and the chattering of the control signal can be significantly suppressed.Fig. 6.Attitude control inputs of UVMS in separate dimension Fig. 7.Joint motion control inputs of UVMS

Conclusion {#Sec11}
==========

This study presents a sliding mode controller. It is validated in this study by the trajectory tracking control of UVMS, which is subject to system uncertainties and environment disturbances. In the simulation, the effectiveness of the proposed method has been demonstrated. Moreover, the proposed controller is featured with higher tracking accuracy of UVMS with regard to environmental disturbances and provides a reference for the following UVMS control.
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